One issue accompanying the melt-processing polymer/clay nanocomposites is the reaggregation of silicate platelets, which induces decreases in advantages of nanocomposites. To address this issue, vapor-assisted surface polymerization (VASP) method was applied with an initiator-attached and copolymerizable surfactant moiety-bound A-C18/C6MMT to obtain the exfoliated and intercalated nanocomposites using methylmethacrylate and styrene as vinyl monomers, respectively. The melt processing of the nanocomposites was carried out by a melt-compression molding method at 200 • C. From XRD measurements, the C18/C6MMTbased nanocomposites showed no change in d-spacing even after melt processing, indicating the maintenance of the exfoliation and intercalation states. This maintenance must result from polymer chains grafting from the silicate layer surfaces, thus clearly confirming the anchoring effect of the copolymerizable surfactant moiety units.
Introduction
Polymer/clay nanocomposites have brought about significant improvements in optical [1] , mechanical [2, 3] , flameresistant [4] [5] [6] [7] , and gas barrier [8] [9] [10] properties over their corresponding pristine polymers and as such have been extensively studied. Moreover, because the improvements are expressed even at low concentrations of clay, the transparency of the original polymers is preserved. The property improvements are strongly dependent on the intercalation and exfoliation of the silicate platelets of clay. These layered silicates, because of heterovalent substitutions residing in octahedral layers [11] , have a negative charge and this negative charge extends throughout the whole lattice, forcing counter cations to distribute within the interior of galleries. Counter cations, such as Na + , Li + , and Ca 2+ reside in interlayer spaces at a basal d-spacing with the spacing distance determined by the cation's nature.
The most common way for facilitating the exfoliation or intercalation of silicate layers is by exchanging the small alkali and alkali earth cations in the gallery spaces for organic ammonium and imidazolium salts having long alkyl chains, for example, octadecylammonium chloride [12, 13] and 1,2-dimethy-3-hexadecylimidazolium salts [14] . The introduction of organic salts changes the chemical properties of silicate layer surfaces and increases their compatibility with polymers. The silicate layer surfaces of montmorillonite (MMT) as typical clay have been modified by various controlled living polymerization techniques, such as atom transfer radical polymerization [15] [16] [17] [18] , reversible additionfragmentation chain transfer polymerization [19] [20] [21] , and nitroxide-mediated polymerization [22] [23] [24] . These polymerizations take place in the galleries with growing polymer chains spreading the distance between the silicate layers.
To produce plastic moldings, various melt-processing methods such as extrusion and injection molding are generally used. Exfoliated silicate platelets easily aggregate to return to layered structures after melt processing. It is important, therefore, to maintain the absolutely exfoliated state of silicate platelets even after melt processing is completed. Approaches for preserving the exfoliated state are expected to involve the grafting method of polymer chains from or onto silicate platelet surfaces, requiring at least one of 2 ISRN Nanotechnology the chain ends or internal chain units to be anchored to the silicate layer surfaces. Weimer et al. [22] demonstrated that the in situ alkoxyamine or nitroxide-mediated living radical polymerization from silicate-anchored initiators was effective in producing exfoliated polystyrene/layered silicate nanocomposites. This exfoliated structure was preserved even after the subsequent melt processing.
The vapor-phase-assisted surface polymerization (VASP) technique has been developed as a simple precise and solventless method for covering solid substrate surfaces by polymer layers [25] . One attractive feature of the VASP method is that gaseous monomers can diffuse and penetrate interstitially within the fine gaps and spaces of the solid substrates, allowing the construction of fine structured composites [26] and coatings [27, 28] . After the diffusion and adsorption on the interstitial surfaces, the monomers polymerize in a manner of "pseudografting from" the substrate surfaces. Polymer chains then grow on the surfaces by filling the spaces. Recently, a simple method for construction of vinyl polymer/clay nanocomposites by VASP of methyl methacrylate (MMA) was reported, by which a completely exfoliated poly(methyl methacrylate) (PMMA)/MMT nanocomposite was obtained [29] . It was also revealed that, because of a particular interaction between silicate platelet surfaces and MMA units in copolymer chains, a small number of MMA units in a styrene-MMA copolymer induced the exfoliation of layered silicates [30] . Considering the easy preparation of block copolymers and other advantageous features of VASP method [31] , various designs of polymer structure by VASP could be created on the silicate layer surfaces to prepare nanocomposites that maintain their structures after melt processing.
In this report, the grafting of polymer chains from the silicate layer surfaces of MMT was studied by VASP to prepare the nanocomposites, with changes in the nanostructures of composites also investigated. The silicate layer surfaces were modified with a copolymerizable organic cation: 2-methacryloyloxyhexyltriethylammonium bromide and followed by VASP of vinyl monomers. Nanostructures and their changes after melt processing were analyzed to clarify effects of the VASP method on the exfoliation of silicate platelets and their subsequent preservation.
Experimental
2.1. Materials. Monomer, methyl methacrylate (MMA, 99.0%, from Tokyo Chemical Industry Co., Ltd.), and styrene (St, 99%, from Wako Pure Chemical Industries, Ltd., Wako) were purified by distillation under reduced pressure over CaH 2 just before polymerization. Initiator, 2,2 -azobis(isobutyronitrile) (AIBN, >99%) was purchased from Otsuka Chemical Inc., and crystallized from methanol. Polymerization inhibitor, 4-tert-butylpyrocatechol (>98%), was purchased from Wako, and used as received. Substrate, sodium montmorillonite (Kunipia F) was used as received from Kunimine Industries Co., Ltd. Poly(methyl methacrylate) (PMMA, M n 5.0 × 10 4 , M w 7.0 × 10 4 ) was purchased from Wako and used as received. Poly(styrene) (PSt, M w 2.8× 10 5 ) was purchased from Aldrich. All other reagents, such as acetone (>99%), chloroform (CHCl 3 , >99.0%, HPLC grade), and methanol (>99%) were commercially obtained and purified by distillation.
Preparation of 2-Methacryloyloxyhexyltriethylammonium
Bromide (MHAB) . In a round-bottom flask, 6-bromo-1hexanol 4.0 g (21.43 mmol) methacryloylchloride 3.5 mL (32.15 mmol), CHCl 3 10 mL were added and stirred at 25 • C for 24 h. After the reaction, the mixture was washed with 10 mL of water three times and the solvent evaporated. Triethyl amine 6.0 mL (54.3 mmol) was dropped into the residual viscous product and the mixture was stirred at 25 • C for 10 min. Acetone (10 mL) was added to the mixture, and then 2-methacryloyloxyhexyltriethylammonium bromide (MHAB) was precipitated as a white powder. The powdery crude product was filtered, washed with acetone several times, and dried overnight in vacuo, resulting in obtaining 0.30 g of pure product: 1 
Preparation of Organically Modified Montmorillonite.
Typical procedure. Sodium MMT (Kunipia F, 2.0 g, dspacing calculated from (001) basal plane diffraction: 1.20 nm) was dispersed in distilled water (2 L) and stirred overnight at room temperature. Triethylstearyl ammonium chloride (C18, 2.15 mmol) and 2-methacryloyloxyhexyltriethyl ammonium bromide (MHAB (C6), 0.57 mmol) were dissolved in 200 mL of distilled water, and the solution slowly added into the MMT suspension solution. After stirring for 3 h at room temperature, the suspension was filtered to isolate precipitates. The precipitates were washed with distilled water until no halide ions could be detected by an aqueous AgNO 3 solution, dried overnight at 50 • C in vacuo, and crushed into powders in a mortar, resulting in the preparation of organically modified MMT (C18/C6MMT, 2.41 g). The same procedure was used to prepare C18MMT.
Preparation of Initiator-Intercalated Organically
Modified MMT. Typical procedure: initiator AIBN intercalated C18/C6MMT (A-C18/C6MMT) was prepared in a similar manner as reported elsewhere in detail [29] . Before VASP, to intercalate the initiator AIBN into the silicate layers, C18/ C6MMT (2.41 g) was treated with a 1 mM acetone solution (500 mL) of AIBN at a 1 : 30 weight ratio to C18/C6MMT at 25 • C for 0.5 h under stirring. After the treatment, acetone was removed under vacuum at room temperature, resulting in the production of powdery A-C18/C6MMT. The crude A-C18/C6MMT powder was stirred in CHCl 3 to wash out the initiators attached to outside surfaces. The same procedure was used to prepare AIBN-intercalated A-C18MMT. 2.6. Melt Processing. Melt processing of composites was carried out by a compression molding method, in which mixtures of composite powders and homopolymers were preheated for 2 min in an oil press heated at 200 • C, followed by heat-kneading for 3 min, and heat-pressing to obtain a thin film (thickness ca. 100 μm).
Characterization
Methods. X-ray diffraction (XRD) patterns were obtained by using a Rigaku diffractometer equipped with a Cu Kα generator (λ 0.1541 nm) under the following conditions: slit width, 0.30 mm; generator current, 16 mA; voltage, 30 kV; scanning rate, 2 degree · min −1 .
Results and Discussion

Preparation of Initiator-Intercalated Organically Modified MMT.
To easily achieve radical polymerization at the intergalleries and to anchor polymer chains on silicate layer surfaces, triethylstearyl ammonium (C18) and polymerizable methacryloyloxyhexylammonium (C6) moieties were immobilized by exchanging with alkali and alkali earth counter cations on the surfaces. Preparation pathways are shown in Scheme 1. Previously, it was confirmed that an acetone solution of AIBN smoothly diffused into C18modified silicate interlayers, and that the initiator remained in the interlayers after drying the silicates [29] . Insertion of AIBN into the silicate interlayers successfully proceeded, with the expected increase in interlayer d-spacing. After the surface-modification and the AIBN insertion, XRD profile of the treated MMTs shifted to a lower 2θ range than that of original MMT as shown in Figure 1 , resulting in further increases in the d-spacing between the silicate layers from 1.20 to 2.05 nm after the C18/C6-modification (C18/C6MMT) and to 2.18 nm after the AIBN insertion (A-C18/C6MMT). In the case of C18MMT, the d-spacing increased to 2.20 nm after the C18-modification (C18MMT) and to 2.30 nm after the AIBN insertion (A-C18MMT) [30] . Here, the exfoliation was defined as resulting in a d-spacing of greater than 4.4 nm at the limit of the 2θ value (2.0 • ) measurable with the XRD. Conditions and results of VASP are listed in Table 1 . As references, VASP of vinyl monomers with C18/C6MMT were also carried out. During VASP, AIBN-intercalated MMTs gradually expanded with time, suggesting that polymerization took place around the silicate layers. For example, VASP of MMA on A-C18/C6MMT (sample 2) showed a high increment of 498.3 wt%, which meant that the product comprised 83.3 wt % of newly generated material and 16.7 wt% of the original C18/C6MMT. No change in weight was observed on [1, 2] in Table 1 using C18/C6MMT without radical initiator. From XRD measurements, VASP samples of MMA on A-C18MMT and A-C18/C6MMT (samples 1 and 2) were confirmed to be exfoliated structures because of no 2θ peak being apparent in XRD profiles (Figure 1 ). This means that polymerization occurs at silicate interlayer spaces and that growing polymer chains spread out forcing the silicate layers to move apart from each other.
VASP of Vinyl Monomers with Initiator-Intercalated
VASP of St on A-C18MMT and A-C18/C6MMT (samples 3 and 4) proceeded slowly with gradual expansion in volume of the modified MMT powders. Although XRD profiles of obtained VASP samples showed drastic shifts into lower 2θ ranges than those of the modified MMTs (Figure 1) , the increases in the d-spacing values to 3.90 (sample 3) and 3.17 nm (sample 4) from 2.30 (A-C18MMT) and 2.18 nm (A-C18/C6MMT) indicate intercalation of the structure, rather than exfoliation. As previously reported [30] , the exfoliation/intercalation is affected by the compatibility between monomeric units in copolymers and the silicate interlayer components. In this case, such compatibility may be the primary factor for the exfoliation rather than the expected anchoring effect of the C6 moiety bound on the silicate layer surfaces.
Anchoring Effect of Methacryloyloxyhexylammonium (C6)
Moiety on Melt Processing. Melt processing of plastics is an indispensable process for producing various moldings. It is known that exfoliated silicate platelets reaggregate to return to layered structures after melt processing has completed [32] . To inhibit the return to the layered structure, copolymerizable methacryloyloxyhexylammonium (C6) moieties were introduced on the silicate layer surfaces. The effects of the C6 moiety were verified by melt-blending composite samples in Table 1 and homopolymers so as to give similar quantities of MMT (4.8-7.8 wt%; Table 2 ). The blend samples were prepared by a compression molding method at Table 2 , both melt-blend samples clearly showed decreases in the d-spacing values from exfoliation state to 3.34 nm (sample 5) and from 3.90 nm to 3.11 nm (sample 7), indicating the aggregation of silicate platelets and a compression of the layered structure, respectively. However, the layered structure of C18MMT was not recovered until the original value (d-spacing 2.30 nm) was reached. As reported previously [29] , a few polymer chains may be covalently bound on the silicate surfaces and the weak anchoring effect of these grafted chains may explain incomplete recoveries of d-spacing values after the melt processing. Figure 3 shows changes in XRD profiles of blended C18/ C6MMT-based composite samples: (a) composite-sample 2/PMMA (sample 6) and (b) composite-sample 4/PSt (sample 8), in comparison with the original composite samples (samples 2 and 4). Interestingly, it was found that the XRD peaks of blended C18/C6MMT-based composite samples were hardly changed. This maintenance of the d-spacing after melt processing must result from the typical anchoring effect of the C6 moieties bound on the silicate layer surfaces. During VASP of vinyl monomers with A-C18/C6MMT, gaseous vinyl monomers can diffuse into interlayer spaces of silicate layers and polymerize by radicals generated from AIBN causing expansion of the interlayer spaces. At the same time, the C6 moieties must also join the radical polymerization to copolymerize, resulting in the formation of anchors on the silicate surfaces.
In XRD profiles of the melt-processed C18/C6MMTbased composite samples (samples 6 and 8), small diffraction peaks newly appeared or enlarged at 2θ = 5 • (sample 6) and 5.5 • (sample 8), respectively. This phenomenon suggests the aggregation of a small amount of silicate platelets after meltprocessing.
These results indicate that the copolymerization of C6 moieties proceeded considerably with the anchoring effect on silicate layer surfaces and the resulting inhibition of the reaggregation of silicate platelets clearly demonstrated. The anchoring effect was confirmed by using both monomers: MMA and St in the same manner. Thus, these anchoring effects must be common to vinyl monomers copolymerizable with C6 moiety.
Conclusions
To address the reaggregation of silicate platelets after the melt processing, C18/C6MMT, modified with a long alkyl chain surfactant moiety: triethylstearyl ammonium (C18) and a copolymerizable surfactant moiety: 2-methacryloyloxyhexyltriethyl ammonium (C6), was synthesized. VASP of MMA and St was carried out with the AIBN-supporting A-C18/C6MMT and successfully proceeded to obtain exfoliated and intercalated nanocomposites, respectively. The obtained nanocomposites were melt blended with corresponding homopolymers by the melt-compression molding method. XRD peaks of the C18/C6MMT-based nanocomposites never shifted into a high 2θ range even after the melt processing. On the other hand, when another C18MMT without C6 moiety was used, similar exfoliated and intercalated nanocomposites were obtained by VASP of MMA and St, respectively. However, considerable changes in XRD peaks of the C18MMT-based nanocomposites were confirmed after the melt processing, shifting into high 2θ ranges. These 
